Abstract This study is aimed to assess the formation of photosynthetic biofilms on and within different natural stone materials, and to analyse their biogeophysical and biogeochemical deterioration potential. This was performed by means of artificial colonisation under laboratory conditions during 3 months. Monitoring of microbial development was performed by image analysis and biofilm biomass estimation by chlorophyll extraction technique. Microscopy investigations were carried out to study relationships between microorganisms and the mineral substrata. The model applied in this work corroborated a successful survival strategy inside endolithic microhabitat, using natural phototrophic biofilm cultivation, composed by cyanobacteria and algae, which increased intrinsic porosity by active mineral dissolution. We observed the presence of mineral-like iron derivatives (e.g. maghemite) around the cells and intracellularly and the precipitation of hausmannite, suggesting manganese transformations related to the biomineralisation.
Introduction
There is a growing interest in the microbial ecology of phototrophic microorganisms on rock surfaces [4, 13, 33, 42] . Photoautotrophic microorganisms are primary producers that include cyanobacteria, green algae and diatoms and commonly inhabit alkaline rather than acid siliceous rocks [2] . Laboratory experiments on stone bioreceptivity have demonstrated that carbonate rocks are extremely suscep-tible to colonisation by photoautotrophs [21, 29, 30] . These studies provide useful information about microbial biodiversity, their distribution patterns, and the relationships among the different populations and the mineral substrata. It has been stated that mineralogy, porosity, surface roughness and permeability control rock bioreceptivity [20] .
Phototrophic microorganisms develop forming biofilms on the rock surface composed of a mono-or multilayer of cells embedded in a hydrated extracellular polymeric matrix which hold the cells together and to the surface. It may also contain exoenzymes and inorganic inclusions such as clay particles and minerals [47] . In such biofilms microorganisms use structural irregularities of the rock material for their attachment and growth, which is stimulated in the presence of locally enhanced moisture availability in rough or porous surfaces, cracks and fissures [1] .
According to the distribution pattern, the microorganisms that inhabit the rocks have been classified as epilithic and endolithic [18] . Epilithic microorganisms grow on the external surface of the rock, whereas endolithic microorganisms live in the interior of rocks, penetrating some millimetres into the porous system. They can survive in inhospitable natural habitats, such as hot deserts and semiarid lands [7] or cold deserts [17] , but also in cultural heritage assets such as vertical surfaces of monuments [2, 3, 28, 33, 39, 41, 43] . The endolithic microhabitat gives protection from intense solar radiation and desiccation, and it provides mineral nutrients, moisture and growth surfaces [45] .
The proliferation of microorganisms under the rock surface can increase their biodeteriorating potential, contributing to decreasing of grain cohesion to depths up to several millimetres [1, 3, 40] . Field observations and experiments in the laboratory have demonstrated the significant potential for damage by phototrophic organisms [8, 10, 43] . Laboratory-based stone colonisation provides a valuable alternative for natural ecological niches by allowing experimental manipulation of the microbial ecosystem.
Considering that little if any attempt appear to have been made to the study of endolithic growth under laboratory conditions, this study is aimed to assess the formation of photosynthetic biofilms on and within different natural stone materials, and to analyse their biogeophysical and biogeochemical deterioration potential.
Materials and Methods

Investigated Stone Materials
Two different calcarenites, comprising natural stones widely used in the construction of Southern European monuments, were acquired from quarries of Cadiz and Granada provinces (Andalusia, Spain). Fresh cut quarry stone samples of San Cristobal and Escúzar stones were studied.
San Cristobal lithotype (SC) is an Upper Miocene yellowish bioclastic calcarenite with an inequigranular heterogeneous texture and a very scarce matrix with low cementation grade causing a high intergranular porosity.
Escúzar lithotype (ES) is a light-coloured fine-tomedium grained biocalcarenite, very soft and porous from the Tortonian age.
The differences in the petrographic and petrophysic characteristics of these lithotypes were described in a previous work [31] .
Inoculation and Growth Conditions
Replicate samples of each lithotype (∅ 4.4×2 cm) were cut, using a diamond blade saw and sterilised in autoclave at 120°C and 1 atm, for 20 min. The upper surface of the stone samples of each lithotype was inoculated with 0.75 ml of a phototrophic community culture, composed mainly by cyanobacteria and algae. The major components of the inoculum were Chlorella, Stichococcus, Trebouxia and Myrmecia among the Chlorophyta and Leptolyngbya and Pleuroclapsa among the Cyanobacteria. This phototrophic community was previously collected from Ançã limestone surfaces of Santa Clara-a-Velha Monastery, Coimbra (Portugal), characterised by molecular techniques and cultivated in liquid BG11 medium. This multi-species culture was used as inoculum for biofilm development on stone samples under laboratory conditions. Further details of the characterisation and cultivation procedure of the natural phototrophic biofilm have been provided by Miller et al. [32] .
The samples were incubated for 3 months in a noncommercial incubator system (with overall dimensions of 100×60×60 cm) containing 0.5 cm height of sterile water in the bottom of the chamber. Photosynthesis-inducing fluorescent lamps (Fluora, Osram) were installed below the chamber cover to provide 12 h dark/light (1,200 lx) cycles for the growth of cyanobacteria and algae. The experiment was conducted at room temperature of 20±2°C. Moisture inside the chamber was kept by water circulation in the chamber bottom, fed by a water pump. Sterile distilled water was periodically added to soak the samples with 0.5 cm water height.
Monitoring of Lithotypes Phototrophic Growth
Image Analysis
Image analysis was applied to quantify the covered surface area evolution on the stone samples spanning the incuba-tion time. Samples were taken out of the incubator chamber and placed on paper towels to allow excess water to drain out. Subsequently, the samples were placed on millimetric paper under controlled light to ensure fixed conditions for all photographic records. The photographic recording in triplicates of each lithotype was performed weekly with a digital camera (Kodak EasyShare P850). Since the colour of the lithotypes masked the possible biofilm growth, conventional RGB images obtained with the digital camera were decorrelated by principal component analysis (PCA). The PCA was used to simplify images avoiding redundant data present in the different bands of the image. This approach allowed choosing the most appropriate resulting band for the measurements from the minority principal components. This analysis strategy has been previously utilised to improve the visualisation of rock art paintings in highly correlated images [36] , and to record separately different elements (of different nature and composition) present in mural paintings [37] . PCA was performed utilising HyperCube v. 9.5 software (US Army Topographic Engineering Centre, Alexandria, VA, USA). Once the geometry of the photographs was digitally rectified with Adobe Photoshop© software, a thresholding algorithm was applied in order to select the colonised areas, afterwards scaled and measured using ImageJ software (National Institutes of Health, Bethesda, MD, USA) following the protocol developed in Rogerio-Candelera et al. [38] . The obtained photographic series, geometrically coherent and comparable, allowed obtaining a series of numerical values related to biofilm extent.
Chlorophyll Extraction Method
Biofilm growth was also monitored by the increase of photosynthetic biomass achieved by chlorophyll extraction method with subsequent UV/Vis spectrophotometry in order to quantify the complete amount of chlorophyll a present on and within the stone samples. Every month, three replicate of each lithotype were taken out of the incubator chamber for total chlorophyll a content analysis. Chlorophyll a was extracted by crushing each stone sample into fragments (0.20-0.50 cm 3 ) which were then added to 50 ml of dimethyl-sulphoxide and heated to 65°C for 1 h, according to the pigment extraction protocol of Vollernweider et al. [44] . The samples were filtered to remove stone particles and absorbancies of the extracts were measured at 664 and 750 nm before and after acidification with 1 N HCl, in a Perkin Elmer Lambda 35 UV/Vis spectrophotometer. The equation of Lorenzen [27] was used to calculate chlorophyll a concentrations.
Linear regression statistics was used to compare the chlorophyll a content data and image analysis data.
Analyses of Endolithic Growth After 3 Months of Incubation
Image Analysis
Digital images from sections perpendicular to the inoculated stone surfaces were also used in image analysis. RGB images were generated from binocular stereo microscopy (Zeiss Discover V8 with phototube) and photographically recorded with a digital camera (Canon Powershot A630). The distribution and penetration of photosynthetic biomass in the stone substrata was depicted by means of PCA. This approach allows the detection of minority elements (of different nature and composition) apparently absent in the RGB digital image but masked by the redundant data registered in the red, green and blue bands of the image (PC1, PC2 and PC3 bands, respectively). As the analysis allows the reduction of the dataset, the redundant information can be securely avoided. This decorrelation allowed choosing the most appropriate PCA band (PC1, PC2 or PC3) which improved the visualisation of the photosynthetic biofilm inside the stone samples. Thus, PC1 plotting more than 95% of the total information included in the three bands of each image, was used as background to appreciate the microtopography of the sample, and PC3 band (plotting around 0.5% of the total information of the original image) were used to distinguish the lesser amounts of information included in the images, but relevant for the objectives of the work. For a better visualisation of the decorrelated images reflecting minority principal components, false colours were applied, as human eye can distinguish better colour differences than grey tones. As in the case of the quoted above surface measurements of the biofilm extent, PCA and false-colour images were elaborated using HyperCube 9.5 software.
Scanning Electron Microscopy
Replicate stone samples of each lithotype were examined by scanning electron microscopy with back-scattered electron imaging (SEM-BSE) and an X-ray energy dispersive spectroscopy (EDS), at Centro de Ciencias Medioambientales (CSIC-Spain), according to a method developed by Wierzchos and Ascaso [46] . The inoculated samples were investigated as stone fragments coated with gold and as resin-casts. The later consisted of stone fragments perpendicularly cut to the colonised surfaces and fixed with 3.25% glutaraldehyde followed by 1% OsO 4 . After fixing, the samples were dehydrated in series of ethanol solutions, embedded in epoxy resin and finepolished after polymerisation. The resin-impregnated cross-sections of colonised stone samples, previously carbon coated, were examined using a DMS 940A Zeiss scanning electron microscope in BSE mode. Chemical analyses by EDS were simultaneously conducted. The microscope operating conditions were: 0-degree tilt angle, 35-degree X-ray take-off angle, 15 kV acceleration potential, 25 mm of working distance and 1-5 nA specimen current range.
Combined and information supplied by both methods was used to characterise the distribution pattern of the photosynthetic microorganisms on and/or inside stones, and to evaluate their interrelations and interactions with the substrata.
Biocalcarenite Mineralogical and Micromorphological Characterisation
X-ray Diffraction
Different analysis were carried out on ES samples (before and after inoculation) in order to identify the mineralogical composition, in particular, iron oxides-oxyhydroxides detected by SEM-EDS.
The mineralogy was determined by a Philips PW1710 (APD-version 3.6 j) diffractometer using CuKα radiation at 40 kV and 30 mA. The step size was 0.02°2θ and the counting time was 1.25 s. Analytical software, "X'Pert Graphics" and "Identify" by Philips, were used. The bulk mineralogy was determined in random powders of ES samples before and after the colonisation experiment. Regarding the estimations of mineral phases in the bulk rock, the peak-height intensities for diagnostic reflections were used: calcite-3.03 Å; quartz-3.34 Å; mica-10 Å; clay minerals-4.43-4.48 Å; siderite-2.79 Å; goethite-4.18 Å; maghemite-2.51 Å; pyrolusite-3.11-3.16 Å; and hausmannite-2.49 Å.
SEM-EDS Analysis
This study was also carried out on the inoculated ES stone fragments. The samples were examined at the CIG-R, Universidade do Minho (Portugal), by optical microscopy and SEM-EDS for chemical analysis, using secondary X-rays and standard ZAF corrections that allow semiquantitative microanalyses and characterisation of mineralogical phases. These analyses were carried out with a LEICA Cambridge S360 microscope, and the samples were coated with a high conductance thin film (gold film).
Results
Monitoring of Lithotypes Phototrophic Growth
For the evaluation of the colonisation process during the incubation time span, two different strategies were implemented: (1) the measurement of areas covered by the biofilm by means of image analysis and (2) the quantification of photosynthetic biomass by chlorophyll extraction method. Image analysis was used as a non-destructive method to measure the surface covered area since the chlorophyll extraction method is not suitable for taking successive measurements of photosynthetic biomass on a sample.
The distribution pattern of the biofilms on the stone surfaces was influenced by petrophysical properties of SC and ES lithotypes. During the inoculation procedure, the inoculum (photosynthetic liquid culture) was rapidly absorbed by both lithic substrata, penetrating into their pore system due to large pore size and surface roughness. In spite of the difficulties for measuring the extent of the epilithic phototrophic biofilm, strongly masked by the high macroporosity of the lithotypes, the image analysis approach allowed its quantification. On the surface of the SC samples, the inoculum originally green resulted in a brownish colour biofilm, indicating apparent cessation of epilithic colonisation after the incubation. Therefore, the total surface area covered by the phototrophic biofilm from the series of triplicate digital photographs showed no significant increase for SC lithotype over the course of batch incubation. Moreover, a short decrease in the biomass was registered, but the total covered area was strongly similar, as well as the distribution of colony sizes (Fig. 1) .
The surface covered by the epilithic biofilm on ES samples was greater than after inoculation, showing a brownish-green biofilm with a moderate growth. This growth was also assessed by means of the colony size distribution 1 week after the inoculation and after the 3-month colonisation experiment, as shown in Fig. 2 . It is noticeable the epilithic growth registered for this lithotype.
The monthly chlorophyll a content, estimated using the chlorophyll extraction method followed by spectrophotometry, reflected a complete amount of this pigment on and within the stone samples. The monthly progress of photosynthetic growth, expressed as micrograms of chlorophyll a per cubic centimetre, is depicted in Fig. 3 . During 3 months, ES presented a steady increase of photosynthetic biomass indicating a successful colonisation. SC photosynthetic biomass showed stability during the first 2 months of incubation, experimenting an important increase at the third month of incubation.
A comparison of the chlorophyll a content and image analysis results is presented in Fig. 4 . The data for each method are shown as a scatter diagram to illustrate the correlation between both monitoring techniques. A fairly good linear positive experimental correlation was observed for ES lithotype under the study conditions, which compared to SC lithotype, a much lower experimental correlation was obtained.
Lithotypes Colonisation by Endolithic Biofilms
Image Analysis
Image analysis by means of pixel value decorrelation was applied for the visual enhancement of the presence of endolithic microorganisms, allowing the quantification of penetration depth, and the assessment of the endolithic biomass distribution into the substrata (Fig. 5) . When the stone samples were longitudinally cut after the incubation period, some green stains were visible to the naked eye. PCA of optical microscopy images of the cut samples showed enhanced stains in both lithotypes, particularly in SC samples. A thin horizontal band with characteristic reflectance differences was observed parallel to the stone surface (Fig. 5b) . These bands and stains, sometimes coinciding with the green stains of the original images, were preliminarily attributed to phototrophic endolithic colonisation. False-colour images composed of the minority PC bands helped in distinguishing the extent of the assumed endolithic growth. The detected band ranged from 1 to 3 mm in thickness, with a maximum penetration depth of 3 mm. The distribution of the subsurface biofilm was fairly tabular and strongly parallel to the surface.
Considering ES samples (Fig. 5c, d ), the stains were more discontinuous, in what seems to follow the porous system of the stone, with penetration depths up to 3 mm. The appearance of this biofilm was more branched and connected to the outer epilithic biofilm through the pore system.
Scanning Electron Microscopy
SEM examination of sections perpendicular to the stone surface enabled studying the distribution of microorganisms, their development on the subsurface of the samples and their relationship with the substrata. SEM analyses of SC and ES samples confirmed they were colonised endolithically by phototrophic microorganisms. The colonisation density, penetration depth and biomass per unit area, varied.
Considering ES samples, interaction between the inoculated phototrophic microorganisms and the substrata was observed. It was particularly notable that endolithic microorganisms actively create small cavities easily penetrating the calcite crystals (Fig. 6 ). Figure 7 confirmed the existence of endolithic microorganisms in the ES samples, as well as epilithic microorganisms on the stone surface (Fig. 7a) . The likely depths endolithic cells penetrated the stone through the accessible void spaces. The cells were mainly concentrated in the bottle neck shaped parts of it (200 µm). Beyond that part, only a few of them reached approximately 200 µm more (Fig. 7a) . The cells within the epilithic biofilm were randomly scattered on the surface and embedded in a matrix of extracellular polymeric substances (EPS; Fig. 7a ). However, the structure of the endolithic colonisation seems to be very compact forming dense cell aggregates fulfilling almost completely the available pore space (Fig. 7b) . In many stonecell contact zones, the cells appear to exert an endolithic action, since they appear to be actively dissolving the substratum. This is clear in Fig. 7b , where cells were tightly grouped together, as well as in other zones where there was contact between the cells and the minerals.
Dissolutions features of the calcite in this endolithic microhabitat were corroborated by the corresponding distribution map of Ca (Fig. 7c) . The calcium occupied the intercellular spaces perfectly delimiting the occupied space by cell walls, as well as some calcium carbonate grains, which revealed characteristic dissolving patterns produced by the phototrophic cells. The disaggregated carbonate grain zones revealed less relative calcium concentration and higher relative carbon concentration, as analysed by EDS microanalytical Line-Scan analysis. ) determined after 1, 2 and 3 months of incubation for San Cristobal (SC) and Escúzar lithotypes Yet, considering ES samples, SEM-BSE observations showed grains with cubic crystalline habit forming concentric or dispersed aggregates (Fig. 8a) . These grains were mainly observed on the surface of the stone but they were also found in the interior (at a depth of several millimetres), as shown in Fig. 8b , c. The chemical composition of these grains, confirmed by EDS, was the same in each case, indicating they were deposits of iron oxides-oxyhydroxides. Further details on their characterisation are presented in the next section.
Polished sections of SC samples examined by SEM-BSE showed randomly scattered cells within the pores of the SC bioclastic calcarenite together with calcite grains (Fig. 9a) . Figure 9b showed cubic crystalline aggregates, similar to those detected in the ES samples.
Biocalcarenite Mineralogical and Micromorphological Characteristics
X-ray Diffraction
The bulk mineralogy of the non-inoculated biocalcarenite sample comprised calcite (99%) and quartz (1%). K-feldspar, muscovite, biotite, granada, siderite, pyrolusite, clay minerals and goethite were the associated minerals that occur in vestigial amounts (<1%). In the bulk colonised sample, calcite (99%), quartz (1%) and both goethite and pyrolusite (<1%) were the identified minerals. This last sample was separated by hand-picking for some mineral phases which were brownblack in colour, with sub-metallic lustre and with very good cleavage. These mineral phases were analysed from the interior of a stone sample fissure showing yellow pigment zones, visible to the naked eye and also reddish dots. The bulk mineralogical composition of this concentrated sample was: calcite (86%), quartz (3%), mica and clay minerals (<1%), maghemite (1%) and hausmannite (10%).
Taking into account that poorly crystalline hydrous iron oxides (goethite), anhydrous oxides of iron (maghemite) and manganese minerals usually give even poorer diffraction patterns with fewer broader weaker reflections [9] , the interpretation of the obtained XRD patterns led us to consider that pyrolusite (MnO 2 ) was identified by its diagnostic line at 3. 
SEM-EDS Analyses
The biocalcarenite morphological characterisation was carried out on the ES colonised stone fragments. The selected fragments for XRD were the same for SEM-EDS analyses to enable comparing stone substratum mineralogy and the poorly crystalline mineral phases identified by XRD, in particular iron oxides-oxyhydroxides and manganese minerals. The difficulties rose in identifying Mn oxides from XRD could be exceeded combining both visual identification (brown-black in colour mineral phases) and SEM-EDS analyses. Figure 10a , b showed the biofilm deposition in an endolithic microenvironment of the biocalcarenite with Fe and Mn reniform coats associated with kaolin minerals. In Fig. 10a it was also clear that the presence of microbial cells adhered to the lithic substratum and embedded in a matrix of EPS. Figure 10c , d depicted clumps of Mn oxide and clay minerals (smectite) coating a massive calcareous fissure.
SEM-EDS study confirmed the goethite occurrence owing to the presence of needle-like shapes (Fig. 11) . Goethite, identified by XRD as very poorly crystalline phase, was associated with ferrihydrite, which appeared as very small (Fig. 12a) . XRD patterns of ferrihydrite were not identified (since the presence of two broad bands with maxima at angles corresponding to d=2.5 Å and d=1.5 Å attributed to ferrihydrite were not observed), but the morphology of the iron-rich-coatings most likely suggests its presence. Figure 12a illustrated one globular aggregate (particle size 6 μm diameter) of calcite grains surrounded by a likely biogenic irregular iron film. Figure 12b showed other globular aggregate (particle size of 15 μm diameter) of calcite grains, similar to the pyrite framboidal morphology. All the particles of this aggregate were Fe richer than Ca. Some Al and Si were also analysed in this aggregate. On the left side of the Fig. 12b , a biogenic porous round particle (10 μm diameter) was observed, like those referred by Krumbein [24] , Leite Magalhães et al. [25] and Leite Magalhães [26] .
Discussion
The laboratory-induced endolithic growth on initially uninhabited calcarenites was achieved by the settlement of pioneer phototrophic microorganisms. Their development as a function of the time of stone surface exposure to laboratory conditions was monitored by image analysis and chlorophyll extraction methods. Image analysis is a reliable, non-destructive monitoring technique suitable for taking successive surface measurements in the time course study, allowing the quantification of epilithic colonisation. The amount of chlorophyll a estimated by the extraction technique allowed quantifying the complete amount of photosynthetic biomass growing on and within the stone samples. However, it is a destructive method, not suitable to time course screening studies, which takes more relevance when samples come from cultural heritage assets. Comparing the results obtained from both techniques, photosynthetic epilithic and endolithic colonisation occurred on ES lithotype. For SC lithotype only endolithic colonisation occurred, as supported by the significant increase of chlorophyll a content obtained at the end of the 3-month incubation time, since epilithic colonisation cessed as observed by image analysis. Data analysis, detailed in [31] , showed that the distribution pattern of the phototrophic biofilms on the stone samples was influenced by the petrographic and petrophysical properties of each lithotype. In addition, the biofilm chromatic changes from green to brownish observed on the stone surfaces were associated to chlorophyll a and phycocyanin reduction and an increase in carotenoids. According to Caneva et al. [11] , cyanobacteria and green algae may induce reddish to blackish patinas even if the organism is in good physiological state, explaining the increase of photosynthetic biomass on the surfaces of ES samples. The exposure conditions of the experiment, particularly light intensity, seemed to be important in determining the chromatic changes observed on the studied lithotypes. Thus, light intensity together with stone intrinsic properties had an important contribution on the development of photosynthetic biofilms. The high surface roughness, pore size, water absorption by capillarity and water vapour permeability of SC and ES allowed photosynthetic growth into the substrata giving protection from intense light.
Image analysis was also applied in a destructive context to quantify the penetration depth of endolithic microorganisms into the substrata. The endolithic biofilms showed a horizontal zonation parallel to the surface. Their thickness (from 100 to 3,000 µm) was likely linked to laboratory-induced ecological factors such as light intensity, amplitude of temperature changes and other non-controlled stresses. It has been shown that the pigmentation changes being expression of different ecological stages and environmental adaptations, such as light intensity, temperature and cells age [1, 6, 34] . Pohl and Schneider [34] applied computerised image analysis to detect and quantify the biomass and penetration depth of endolithic microorganisms into carbonate rock, showing that endolithic biofilms from protected sites (humid and shaded) showed a residual substratum thickness of only a few micrometres, whereas from intensely isolated dry sites retreated to depths of 150-250 µm below to the rock surfaces. Therefore, it can be considered that light intensity inside the chamber was a limiting factor influencing the behaviour and distribution pattern of the microbial communities.
The potential for damage to the stone substrata by phototrophic microorganisms was demonstrated in this experimentation. Optical microscopy, SEM-BSE and EDS and X-ray diffraction procedures revealed the close association between microorganisms and rock alteration processes clearly reflecting the biological contribution to these deterioration phenomena. The cyanobacteria and algae and the diffusion of their excreted products into the porous system led to biomechanical and biochemical alterations. De los Ríos et al. [12] referred biogeomechanical and biogeochemical processes associated with epilithic and endolithic microorganisms detected at the convent of Santa Cruz la Real (Segovia, Spain). Due to the inoculation procedure applied in this study, it was possible to assume the cells were dragged into the rock (a purely physical process) and thus, they cannot be considered as endolithic active-colonisers but rather, they were passively installed there by the percolating inoculum. However, the observed small cavities actively created by endolithic microorganisms in the calcite crystals from ES samples revealed the interaction between the microorganisms and the substratum. It indicates that as a result of cells activity the stone was dissolved due to the biochemical induced activity, decreasing pH conditions. The presence of EPS might increase the limestones biodeteriorating potential, contributing to biochemical activities and disaggregation of rock grains. Kaplan et al. [22] described the chelating properties of Chlorella exopolysaccharides, which were very important in the way these organisms deteriorate stone. The stone surface can lose cohesion due to contraction and expansion of these biofilms because EPS incorporate large amounts of water into its structure ensuring the maintenance of moisture by balancing changes in humidity and temperature [40] .
In the context of the mineralogical and micromorphological characterisation of the ES lithotype brown-black mineral phases, we consider that the cubic aggregates observed in Figs. 8a and 9b, are maghemite (γ-Fe 2 O 3 ) and hausmannite (Mn 2+ Mn 2 3+ O 4 ), which are usually of crystal cube morphology and square shaped, respectively. Since several manganese and iron minerals are essential for bacterial cell metabolism and are often associated with clays and iron oxides in soils and other environments [9, 14, 15, 23] , concomitant precipitation of Fe-Mn oxides must be considered in this biogenic microenvironment. However, manganese minerals and hydrous and anhydrous iron oxides are usually poorly crystalline and often show fewer reflections [9] , as occurred in this study. According to Brown [9] , some difficulties arise in recognising these poorly crystalline hydrous iron oxides (goethite, ferrihydrite), anhydrous iron oxides (maghemite) and manganese minerals because they often show fewer reflections or they occur in small amounts in the samples. The XRD patterns of some Mn oxides and hydroxides obtained in this study were similar and suggested that the materials were structurally related. The scarcity of the manganese minerals and the absence of peaks could hide the presence of mineral mixtures. Nevertheless, the diffuse nature of the XRD patterns of Fe-Mn oxides-oxyhydroxides and the coincidence of the diagnostic reflections with those of other minerals could be performed in more detail, following some concentrate pre-treatment [14] .
Previous investigations have shown that in spite of the importance of Mn oxides in the environment, the molecular mechanisms, rates, intermediates and products of Mn oxide Figure 12 SEM images of Escúzar lithotype showing: a calcite crystals coated by iron oxyhydroxides and a globular aggregate of calcite grains surrounded by an iron film; b one globular aggregate of calcite grains with iron-rich coating and other porous round particle, likely biogeneous biomineralisation are poorly understood. Even the relationship between biotic and abiotic Mn oxidation cycles is not well documented [5] . However, in a recent work carried out by Fischer et al. [16] O 4 ) was observed, using both synchrotron and conventional X-ray sources.
In our study, mineralogical data showed the presence of pyrolusite (MnO 2 ) in the non-inoculated stone, whereas hausmannite (Mn 2+ Mn 2 3+ O 4 ) was the Mn oxide identified by XRD in the colonised stone sample. The divalent manganese form is soluble and the more stable tetravalent form, usually represented by the dioxide MnO 2 , is insoluble. Thus, the availability of Mn from MnO 2 and the microbial activity alter the Eh/pH of the microenvironment and indirectly modify the valence of manganese. This process is not necessarily cell associated and may occur at considerable distances from the cell [23] . According to this author it is not surprising that manganese transformations occur as an indirect consequence of microbial growth and metabolism. Probably, the precipitation of hausmannite (Mn II, III) was conceivable in such particular endolithic environment. Figure 10 is one of the evidences of the biomineralisation: (1) presence of a biofilm deposition with Fe and Mn in its composition (Fig. 10a,b) ; (2) cyanobacteria remains on a fissure, yellow-brown in colour, coated by Mn oxide and clay minerals (Fig. 10c, d ).
XRD and SEM-EDS studies allowed the identification of goethite and maghemite. In addition to these oxidesoxyhydroxides, a poorly crystalline natural hydrated iron oxide, which is analogous to the so-called "colloidal ferric hydroxide", named ferrihydrite [9] , may be responsible to the observed coatings depicted in Fig. 12 . This author referred that materials commonly formed by bacterial oxidation of ferrous solutions, give similar XRD patterns to ferrihydrite. According to Robert [35] , some bacteria use both oxidation-reduction reaction energy and carbon for the soluble Fe transportation. Successive fixation of Fe onto the exopolysaccharides excreted by the microbial community creates a capsule involving the cells and forming ferrihydrite, which can develop to iron oxide after cells death. Other relevant reactions governed by bacteria concern iron and manganese reduction or oxidation [19] .
In conclusion, this paper shows, for the first time, an artificially induced biogenic deterioration of calcarenites caused by endolithic microorganisms, and associated biomineralisation. The model applied in this work corroborated a successful survival strategy inside endolithic microhabitat, using natural phototrophic biofilm cultivation, composed by cyanobacteria and algae, which increased intrinsic porosity by active mineral dissolution.
These findings helped to explain: (1) the presence of mineral-like iron derivatives (e.g. maghemite) around the cells and intracellular; (2) locally enhanced moisture availability by the occurrence of clay minerals (kaolinite and smectite) stimulating microbial growth; (3) the role of Mn oxides, in particular by the precipitation of hausmannite, manganese (II, III) suggesting manganese transformations related to the biomineralisation.
With a view towards the future conservation of stone monuments, a reliable characterisation of the microorganisms dwelling on the stone surfaces, as well as the assessment of the relationships between microorganisms and the mineral substrata are a prerequisite. Three main recommendations with respect to prevention and treatment of microbial colonisation can be pointed out: (a) special attention should be taking when using San Cristobal and Escúzar lithotypes, with high surface roughness, open porosity and water absorption by capillarity, in the construction of new buildings without previous hydrophobic treatments; (b) in the case of materials already placed in a structure, the exact identification of the colonising microflora, as well as, the assessment of the biodeterioration damage are of great importance since it will allow the design of accurate intervention; (c) the control and eradication of phototrophic biofilms on the stone surfaces are strongly recommended. When using biocides, great care should be taken. As an alternative to biocides, hydrophobic treatments can be applied to prevent water from coming into the stone by the use of organic or silico-organic products. It must be said that such products should meet a specific list of chemical, physical and aesthetic requirements. Therefore, the benefit of a multidisciplinary evaluation with the complementary cooperation of conservators and scientists in the diagnosis and handling of the biodeterioration effects are necessary to the conservation of stone monuments.
